A critical step in the import of nuclearencoded precursor proteins into mitochondria involves proteolytic cleavage of their amino-terminal leader peptides by processing proteases found in the mitochondrial matrix. We report here the characterization of the general matrix processing protease from rat liver mitochondria. The final enzyme preparation consisted oftwo polypeptides, a catalytically active 55-kDa subunit and a 52-kDa one. To deduce the complete primary structure of the 55-kDa subunit, we first sequenced its mature amino terminus and several tryptic peptides derived from the pure protein. Next, using mixed oligonucleotide primers that had sequences based on two of these peptides, we synthesized a partial cDNA probe by selective amplification of liver RNA with the polymerase chain reaction. The amplified probe was then used to obtain a nearly full-length clone from a rat liver cDNA library. This cDNA codes for 508 amino acid residues, including 16 residues of an amino-terminal leader peptide, the cleavage site of which is located two polypeptide bonds downstream from an arginine residue. The mature portion has a predicted molecular mass of 55.2 kDa; it shows 36% identity with the mitochondrial processing peptidases of Saccharomyces cerevisiae and Neurospora crassa. A conserved structural feature is a putative, negatively charged a-helix, located in the amino-terminal half of the subunit; this element might be important for the recognition of positively charged leader peptides characteristic of mitochondrial precursor proteins.
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Most mitochondrial proteins are nuclear-encoded and synthesized on cytosolic polyribosomes as larger precursors with cleavable amino-terminal leader peptides of 10-70 amino acid residues (1, 2) . These sequences are rich in positively charged and hydroxylated residues and generally lack acidic amino acids (3, 4) . They have been shown to contain the information necessary to target mitochondrial proteins, as well as nonmitochondrial passenger proteins, into the mitochondrial matrix (5, 6) . After synthesis, precursors are imported into mitochondria by a multi-step process that involves unfolding of the precursors (7), specific binding of the precursors to the mitochondrial surface (8, 9) , energydependent translocation of the precursors across the mitochondrial membranes (10) (11) (12) , and removal of the aminoterminal leader peptides from the precursors by proteases that have been localized to the mitochondrial matrix (13, 14) . Leader-peptide cleavage is not coupled to membrane translocation (15) but is probably required for assembly of the newly imported polypeptides into functional complexes (16) , assisted by hsp60, a mitochondrial chaperonin (17) .
Although many mitochondrial leader peptides are removed in one step by a general matrix processing protease (denoted MPP) (18) (19) (20) (21) , we and others have shown that some leaders are removed in two sequential steps (22, 23) by two distinct matrix proteases (24) . These leaders are initially processed to an intermediate form by the general processing protease, which we have referred to as MPP-I. Formation of the mature protein is then catalyzed by a second, intermediate-specific, matrix endoprotease, denoted MPP-II, that removes eight amino acids from the amino terminus of the intermediate form. Compilation of precursor sequences indicates that most MPP-I cleavage sites follow an arginine at position -2 (25, 26) .
MPP-I has been purified from mitochondria of the yeast Saccharomyces cerevisiae (20) , the filamentous fungus Neurospora crassa (18) , and rat liver (21, 24) . The enzyme has been shown to be a soluble protein of the mitochondrial matrix; it is inhibited by metal chelators such as EDTA and o-phenanthroline, thereby indicating its significant difference from the signal peptidase of endoplasmic reticulum and bacteria (27, 28) .
In yeast and Neurospora, two structurally related components cooperate in the proteolytic processing, MPP itself and the processing-enhancing protein (PEP) (18) . PEP stimulates the catalytic activity of Neurospora MPP "50-fold. It has been suggested that these components form a complex of -100 kDa in yeast (20) , but this has not been observed in Neurospora (18) . The processing protease from rat liver mitochondria has also been reported to consist of a heterodimeric complex containing two protein subunits of 55 kDa and 52 kDa, but the equivalence of these two putative subunits to MPP and PEP of yeast or Neurospora has not been established (21) .
We now report on the purification, cloning, and sequencing of the 55-kDa catalytic subunit of MPP-I from rat liver mitochondria.t The comparison of its deduced amino acid sequence to those of yeast and Neurospora MPP indicates that these proteins are closely related evolutionarily.
MATERIALS AND METHODS
Enzyme Purification. Rat liver MPP-I was partially purified essentially as described (24) . As an additional step of purification, preparative isoelectric focusing (IEF) with an LKB Ampholine electrofocusing column was carried out on this material as described (29) , except that the column was run for 48 hr at 4°C at a final voltage of 2000 V. To remove the 42-kDa protein that was the major contaminant in the IEF fractions, antibodies to it were generated by immunizing a rabbit with partially purified 42- tAuthor to whom reprint requests should be addressed. tThe sequence reported in this paper has been deposited in the GenBank data base (accession no. M38282).
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IgG was crosslinked to Protein A-Sepharose CL-4B (Pharmacia), as described (30 (Fig. 1, lane A) . The 42-kDa protein was removed by immunoaffinity adsorption by using an anti-42-kDa protein IgG gel matrix. The processing activity remained in the supernatant and consisted of the 55-and 52-kDa proteins in an -1:1 ratio (Fig. 1, lane B) . Similar (Fig. 2) .
To obtain sufficient 55-kDa protein for the generation of peptides, IEF fractions were combined and separated by preparative SDS/PAGE. The 55-kDa band was excised from the gel, and the protein was electroeluted. When a small part of the electroeluate (3%) was analyzed, no impurities were detected (Fig. 1, lane C) . This preparation was cleaved with trypsin, and the resulting peptides were separated by HPLC. The amino acid sequences of six peptides, as well as the amino-terminal sequence of the mature protein, were deter- 4 and 6) . After treatment, the enzyme activity was assayed by using ornithine transcarbamylase precursor (pOTC) as described (24) mined. The amino-terminal sequence was Xaa-Ser-Gly-AlaThr-Tyr-Pro-Asn-Ile-Pro-Leu-Ser.
Synthesis of cDNA Probe. To generate a partial cDNA corresponding to the 55-kDa protein of MPP-I by mixed oligonucleotide-primed amplification (35) , total RNA was purified from rat liver, and first-strand cDNA was generated with reverse transcriptase and either oligo(dT) primer or A32 primer (Fig. 3) . After denaturation, PCR amplification was carried out on the single-stranded cDNA population. The sense and antisense primers used for amplification are described in Fig. 3 (Fig. 4A) . Because the expected size of the authentic cDNA could not be predicted accurately, an additional step was introduced to identify the correct product. The agarose gel was analyzed by Southern blot hybridization with the predicted internal oligonucleotide, P128, as probe, and a product of 850 base pairs (bp) was detected in the third reaction (Fig.  4B) . This fragment, which had been generated from oligo(dT)-primed cDNA amplified with the longer sense primer S128 and antisense primer A32, was subcloned into a Bluescript vector and sequenced. In addition to the peptides used for primer design, the deduced amino acid sequence of the putative MPP-I subunit cDNA contained the sequence of two of the other tryptic peptides prepared from the 55-kDa protein, thereby demonstrating its authenticity.
Isolation of cDNA. independent clones containing inserts ranging from 450 bp to 1700 bp. The largest clone contained a single EcoRI restriction site 221 bp from the 5' end of the clone. A Northern (RNA) blot of rat liver poly(A)+ mRNA, probed with the partial cDNA, identified an mRNA of -2.1 kilobases (kb) (data not shown). Based on the size of the mRNA, the 1.7-kilobase-pair (kbp) insert appeared to represent a nearly full-length cDNA. This insert was sequenced by using subcloned fragments and oligonucleotide primers.
The sequence of the amplified partial cDNA (0.85 kbp) was identical to that of the 1.7-kbp cDNA over their corresponding lengths, except for the region corresponding to the primers used for the amplification, where three single-base mismatches between the sense primer and the cDNA had occurred.
Nucleotide and Deduced Amino Acid Sequence Analysis. The nucleotide sequence of the nearly full-length cDNA corresponding to the 55-kDa subunit of MPP-I and the deduced amino acid sequence are given in Fig. 5 interspaced with 1 basic residue, over a stretch of 18 amino acids (residues 161-178) is a notable feature of the sequence. According to a secondary-structure prediction by using the Chou-Fasman parameters (38) , this region has the potential to form an a-helical segment. Interestingly, the equivalent segment in MPP of yeast and N. crassa has the same net negative charge (Fig. 6 Upper). Considering that the alignment among the MPP versions is not very precise in this region, we presume that this conserved, negatively charged, helical structure has an important functional role. The helical-wheel prediction for this segment of the 55-kDa subunit (Fig. 6 Lower) indicates an amphiphilic distribution of negatively charged and hydrophobic residues (see Discussion).
Another potentially interesting region is a stretch of 18 uncharged amino acids, interspaced with two basic residues, found in the carboxyl-terminal part of the protein (residues 328-347). This region is highly conserved in yeast and Neurospora and, thus, also might be important for protein function. The predicted secondary structure here is a P3-turn.
DISCUSSION
Amino-terminal leader peptides of imported proteins are proteolytically removed during or after translocation across the mitochondrial membranes. Many leader peptides are removed in one step by a general matrix processing protease (MPP-I), whereas some leader peptides are subsequently processed by a second protease (MPP-II). In this study, we have extended our analysis of MPP-I from rat liver mitochondiria [previously called P-I (24) ], leading to the identification of a catalytically active 55-kDa subunit and to determination of its primary structure.
We showed previously that partially purified MPP-I cleaved the precursors of rat omithine transcarbamylase and malate dehydrogenase to their respective intermediate-sized forms and the f8 subunit of rat propionyl-CoA carboxylase to its mature-sized form (24) . Furthermore, the precursors of the following proteins were cleaved by MPP-I as follows: Neurospora ubiquinol-cytochrome-c reductase iron-sulfur subunit to the intermediate form (25) Biochemi   91  31  181  61  271  91  361  121  451  151  541  181  631  211  721  241  811  271  901  301  991  331  1081  361  1171  391  1261  421  1351  451  1441  481  1531 It is clear, therefore, that MPP-I is responsible for the cleavage of a large number of mitochondrial precursor proteins. In addition, we have observed that (i) the enzyme is divalent cation-dependent; (ii) its subunits have a similar molecular mass to MPP and PEP of yeast and Neurospora;
and (iii) the catalytically active 55-kDa subunit of MPP-I has significant homology to both MPPs. These facts lead us to conclude that MPP-I is equivalent to MPP (or MPP plus PEP) of yeast and Neurospora. MPP-I is almost certainly identical to the rat liver protease recently described by Ou et al. (21) .
The amino acid sequence deduced from the nucleotide sequence of the 55-kDa subunit of MPP-I is typical for a hydrophilic protein. The mature protein consists of 492 amino acid residues and has a calculated molecular mass of 55.2 kDa, which is very close to the size determined by SDS/ PAGE. By comparing the results of amino-terminal sequencing of the purified protein with the deduced sequence, we have direct evidence that the 55-kDa protein is synthesized with a cleavable mitochondrial leader peptide.
The cleavage of the leader peptide fits the motif Arg-Xaa-XNH2, in which Xaa is another amino acid residue and XNH2 is the amino-terminal residue of the mature protein. This motif is a typical MPP-I cleavage site, indicating that the protease participates in its own cleavage. Because the 55-kDa protein is imported into the mitochondrial matrix as a precursor, the continuous presence of active enzyme in mitochondria seems to be a prerequisite for the formation of mitochondria. We cannot exclude, however, the possibility that the precursor of the 55-kDa protein might have the capacity for true autocatalytic cleavage.
According to secondary-structure predictions, a stretch of 18 amino acids (residues 161-178) with 7 acidic and 1 basic residue has the potential to form a five-turn a-helix. This region in MPP of Neurospora (37) and yeast (19, 36) has the same net charge (Fig. 5 ) and secondary-structure prediction. Glutamic acid and aspartic acid are frequently found in the first turn of a-helices, whereas lysine, arginine, and histidine are more common toward the carboxyl terminus (41) . This predicted a-helix, however, bears a second cluster of acidic residues at its putative carboxyl terminus, leading to an overall net negative charge.
Helical-wheel analysis indicates a hydrophobic periodicity in this sequence, which is typical for surface-located helices (42) . The striking distribution of negatively charged residues on the polar face of the predicted helix suggests that it could form the site of electrostatic interaction with leader peptides of mitochondrial proteins, which are rich in positively charged residues, generally lack acidic amino acids, and have the potential to form amphiphilic a-helices with a hydrophobic face and a highly positively charged face (40) . This could explain the high specificity of the protease for so many different precursors that differ vastly in the sequence of their leader peptides and cleavage sites.
Note Added in Proof. While this manuscript was being edited, we recovered genomic clones containing sequences 5'-ward of that shown in Fig. 5 (V. Saavedra and L.E.R., unpublished work). In particular, codons for 16 additional amino-terminal amino acid residues, including a putative initiator methionine, were found, preceded by an in-frame termination codon. Thus, the leader peptide is predicted to be 32 amino acids long. The additional sequence is
ATGGCGACGGCAGTGTGGGCGGCTGCGCGGCTACTTCGGGGTTCTGCG. M A T A V W A A A R L L R G S A
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